Introduction
The last ICES Symposium on ''Fish Stocks and Recruitment'' was held nearly 30 years ago in A r rhus, Denmark, in the summer of 1970 (Parrish, 1973) ; it provided a synthesis of at least three decades of research. The proceedings contain many important ideas on stock and recruitment, the role of egg production in population regulation, the notion of ''replacement'' and the general functioning of fish-population regulation processes.
The symposium reflected the existence of a chronic problem. Actual observations of the magnitudes of stock and recruitment deviate to a considerable extent from theoretical predictions. This problem continues to generate several challenging issues associated with interpreting overfishing. Despite the continuing difficulty of bringing observation and theory into closer juxtaposition, the 1970 symposium set the stage for making important advances in the theory. The present symposium provides an excellent opportunity to study the ideas developed at that time so that we can learn from their evolution.
One idea tabled in 1970 seemed particularly fundamental. Moving beyond traditional stock-andrecruitment theory -linking recruitment with only stock and stock with only recruitment - Paulik (1973) partitioned the relation between recruitment and stock to include the generally non-linear connections between spawners and fry, fry and smolts, and smolts and recruits (Fig. 1) . The partitioning involves the idea of replacement. At the time, this idea was best developed for salmonids, which are semelparous. Garrod (1973) evidently recognized the need to generalize the semelparous, single-spawning, life-history strategy to the more general and more applicable multiple-spawning iteroparous life-history strategy. Jones (1973) recognized that the so-called replacement line might be curvilinear (and hence ''density-dependent'') .
This partitioning permits examining how each lifehistory stage contributes to the numerical variability between recruits and spawners and also how specific life-history stages interact with the environment as well as the non-linear population-regulatory potential that presumably exists at each life-history stage. This last point is particularly crucial because it is now realized that the interaction between fish-life history dynamics and the environment is truly a multi-scale problem. The partitioning serves to separate the small scales associated with eggs and larvae from the larger scales that relate to adults and juveniles.
Paulik's framework for examining the entire lifehistory process was never really implemented (see, however, Rothschild, 1986; Rothschild and Fogarty, 1998; Ultang, 1996; Nash, 1998) because population regulation was thought by many to be essentially driven by a single life-history stage: larvae (e.g. see brief literature synopsis by Heath, 1992; p. 111) . Indeed, the study of the early life history of fish seemed to be a logical next step, particularly since larval fish were thought to have a particularly sensitive interval in the early life history where the young fish are thought to be particularly susceptible to death from environmental variables. The simple idea was that if fish somehow survived the ''critical period'', then a strong year class would result and vice versa. These views led to a blossoming of research on the behaviour, physiology, and ecology of larval fish (Cushing, 1995) .
This essay returns to the theme of considering the entire dynamical process in an attempt to understand the elusive problem of recruitment variability, population regulation, and the population dynamics process. In doing so, it does not seem necessary to dwell on the issue of larval mortality, because the subject is extensively covered in the literature (Chambers and Trippel, 1997) . Rather, the focus is on the relationship between egg production and larval mortality. The points that will be made actually stem from the 1970 symposium and lead to a new and different way of thinking about the stock-and-recruitment problem. This paper sets the stage by first examining some of the characteristics of recruitment variability that must underpin any theory of recruitment. It then considers the population-dynamics regulatory process and shows how fecundity and larval mortality might be related. The linkage provides a first step to relate the production of an increased number of eggs to ''fitness'' and sets the stage for developing a non-arbitrary definition of overfishing.
Characteristics of recruitment variability
A substantial quantity of stock-and-recruitment data has accumulated since 1970 (Myers et al., 1995) . These data have enabled comparative analyses of numerous time series as well as the estimation of parameters of theoretical models of stock and recruitment. That the real data deviate, or vary, to a considerable degree from the theoretical models continues to be a main conclusion that can be drawn from the analyses. Any explanation of the lack of correspondence between data and theory needs to take into account the characteristics of recruitment variability. These characteristics are much more complex than the annual variation generally analysed in stock assessment. The complexities include (1) multiscale temporal and spatial variability, and (2) the coupling of fish stock variability with fishing mortality.
Multiscale variability
There are three aspects of multi-scale variability that need to be taken into account: decadal and annual variability in abundance; correlation among species numbers; and spatial variability. Recruitment variability and its integral, stock abundance, are usually thought of in the context of annual variability, particularly in stock assessment analyses. This view leads to attempting to explain recruitment variability in terms of year-to-year changes. However, decadal and multi-decadal variability in stock size has been well known for many years (e.g. Uda, 1961) .
Examples of the interaction of annual and multidecadal variability can be found in the analyses of the abundance of the North Sea roundfish stocks (Pope and Macer, 1996) . For example, cod recruitment appeared to be constant from 1920 to 1960 (Fig. 2) . Then in 1960 it began to increase, quadrupling or even quintupling through the early 1990s, after which it declined to the 1920 to 1960 level. The post-war levels of whiting recruitment in the North Sea are twice those of the pre-war levels. However, haddock recruitment does not appear to have changed much during these years except for two very large year classes in the 1960s. For whiting, recruitment data evidence multi-year pulses, while those of haddock exhibit shorter pulses, perhaps approaching the lifespan time scale.
In the North Sea, the ''gadoid outburst'' refers to positive correlations between the abundances of the gadoid species, where at least the cod and haddock increased in abundance from 1960 to 1970. The Buchan herring stock, the major stock in the North Sea at the time, also increased in abundance from the 1950s through the 1970s (Burd, 1978; Rothschild, 1995 Rothschild, , 1998 . Multi-decadal variability, and varying degrees of abundance correlation among species, is perhaps better known in pelagic fish. For example, the major sardine and anchovy stocks of the world fluctuate such that their apparent abundance is positively correlated during some stanzas of time, and negatively or not correlated during others (Lluch-Belda et al., 1989) .
The most striking examples of spatial variability seem to occur in pelagic fish stocks. For example, the increases and decreases in sardine abundance off the coasts of Japan, Peru, Chile, and California are generally associated with very large extensions and contractions in geographical range (Fig. 3) . Semi-pelagic or demersal fish such as capelin and cod also exhibit changes in range which are not necessarily related to 1920 1930 1940 1950 1960 1970 1980 1990 Year Figure 2 . Time series of recruitment and spawning stock biomass (SSB) for North Sea cod, whiting, and haddock (from Pope and Macer, 1996) . Note that 1970 was a peak year for all three species (the gadoid outburst).
population size (Frank et al., 1996; Rose et al., 1994) . Important changes in the range of demersal fish are also found, but these seem more restricted than those for pelagic fish. This may be because the distribution of demersal fish is linked to specific bottom topography.
Coupling with fishing mortality
It is not always recognized that the relationship between recruitment and stock often varies quite independently of fishing mortality. The issue of how stocks respond to igure 3. Range extensions of sardine populations off South America, the Californias, and Japan. Panels labelled a and b refer to periods of low and high abundance. (Redrawn from Lluch-Belda et al., 1989.) fishing mortality is quintessentially important. There are several examples of how stocks vary in abundance quite independently of fishing. Pope and Macer (1996) computed time series of fishing mortality coefficients for North Sea roundfish corresponding to the time series of recruitment and spawning stock biomass given in Figure 2 . They found that cod increased in abundance under increased fishing mortality, as did whiting. The two very large year classes of haddock occurred during a period of constant fishing effort. For pelagic fish, North Sea herring provides good examples of populations that fluctuated independently of fishing mortality for decades. An important observation is that the southern herring stocks began to decline in the 1940s before any increases in fishing mortality, while the northern herring stock began to increase without any decreases in fishing mortality (see Burd, 1978: Fig. 139) .
A significant feature of the time series particularly pertinent to management issues relates to the moratoria on fishing during World War II (cf. Fig. 2 ). Recruitment of cod did not increase but spawning stock biomass did, evidently, to some extent. The cessation of fishing had little effect on the haddock, while the whiting spawning stock biomass increased. Overall, the northern stock of herring increased slightly under no fishing, while that of the Dogger stock increased and then decreased.
One of the most intriguing examples relates to the Peruvian anchovetta. At the time of its 1972 collapse, which was coincident with the 1972 El Niñ o, it was not certain whether the collapse was caused by overfishing or by the El Niñ o. However, it was subsequently discovered that the zooplankton population also collapsed. Since the El Niñ o is a relatively short-lived phenomenon, it appears that the collapse could not be ascribed to overfishing or the El Niñ o, but rather to some multi-decadal form of environmental forcing (Rothschild, 1995) .
The general conclusion is that multi-decadal bursts of productivity (Venrick et al., 1987; Soutar and Isaacs, 1974; Roemmich and McGowan, 1995; Polovina et al., 1995) affect the dynamics of individual stocks and their non-linear interactions with other stocks to produce multi-decadal changes in the frequency of large and small year classes. The integration of variable recruitment over time, via non-linear dynamics, results in stanzas of time when the correlations among recruit levels and stock abundance appears to be either negatively or positively correlated. These examples serve to fortify observations made in 1970 when Dragesund and Nakken (1973) reported for Norwegian spring-spawning herring that in at least ''. . . twelve of the twenty-three years during the period 1947 to 1969, the size of the parent stock has apparently not been the primary factor controlling subsequent year class strength''. The main points are that (1) the interactions between multi-scale and annual variability need to be taken into account, (2) that recruitment variability is often uncoupled with fishing mortality, and (3) that recruitment variability is often coupled with range extensions. When productivity is increasing, the effects of fishing can be minimal, but when productivity is declining, the effects of fishing are exaggerated. Knowing little about how productivity changes makes it difficult to develop overfishing definitions. As indicated above, insights to these complexities may be obtained by considering all life-history stages in the context of the population-dynamics regulatory process.
The population-dynamics regulatory process
As pointed out in the Introduction, Paulik's diagram emphasized the partitioning of the recruitment-stock relationship into non-linear interactions among lifehistory stages that lead to the overall non-linear relationship between recruitment and stock. [The theoretical basis for these relationships was developed by Bill Ricker, Ray Beverton, and Sidney Holt. At the 1970 symposium, Ricker (1973) , in his characteristically meticulous way, outlined and compared the two theoretical approaches. The ''curvature'' of these theoretical relationships reflects the assumed density dependence and hence are, at least in theory, capable of regulating population abundance. Cushing and Harris (1973) derive indices of curvature for several stocks, showing that Atlantic herring was the least and gadoid fishes the most density-dependent.]
In order to explore the problem in more detail, I used the partitioning approach to develop a framework (Fig. 4) of the structure of the population dynamics population-regulatory process in terms of densitydependent modules occurring at each life-history stage. The regulatory process as a whole is density-dependent. However, because each life-history stage differs in the dynamic rates of the underlying biological processes, it is appropriate to consider each life-history stage as a density-dependent module or component. The fact that each module is characterized by a substantially different range of dynamic properties and interactions with the environment means that each module is redundant, ensuring that the entire population regulation process is highly stable (see discussion by Rothschild, 1986 ).
Paulik's diagram and the framework set forth the challenge to understand the density-dependent processes within each module, the density-dependent interactions among the modules, and how, in particular, the environment and fishing contribute to both stabilizing and destabilizing population regulatory processes. Today, the larval module is reasonably well understood, but the interactions among the modules are not.
When considering each module and the interrelationships among modules, it is interesting to observe that in and more interest in fecundity, at least judging by the number of symposium papers related to each subject. Nikolsky et al. (1973) discussed fecundity as a population regulatory mechanism. Bagenal (1973) reviewed the entire subject of fecundity, mentioning the emerging understanding of the effect of food availability on fecundity, as well as, and along with other authors, differences in sizes and quality of eggs produced by females in the same population. In his summary, Bagenal stressed the existence of density-dependent egg production. [In 1970 the biology of batch spawning and batch fecundity was not well recognized. Possibly with prescience, some authors began to recognize the importance of egg quality. Schopka and Hempel (1973) studied the spawning stock potential of herring and cod. The paper is particularly interesting in the context of contemporary management strategies that rely on maintaining a particular spawning stock biomass per recruit. These authors showed that fecundity of herring increases with length by an exponent of about 4.5 on average, which is surprisingly high. In contrast, fecundity of cod increases roughly as the cube of length. Given exponents materially larger than 3, the number of eggs per recruit is quite different from the spawning stock biomass per recruit.]
Although the importance of variations in fecundity as part of the regulatory process was discussed, a very important paper by Jones (1973) seemed to implicitly set the stage for minimizing the importance of densitydependent fecundity in population regulation. Jones observed that ''Whilst the ratio of very good to very poor year classes [in North Sea haddock] is of the order of several hundreds to one, the ratio of average good to average poor is about 10:1.'' He observed that a female haddock has an annual fecundity of the order of 0.5 million eggs, yet only two must survive to maturity to keep the population in equilibrium. He suggested that Figure 4 . Conceptual model of the population-dynamics process. Each of the four stabilizing modules consists of densityenhancing and density-dampening mechanisms. Food abundance transmits information to the population on its own abundance affecting the density-enhancing response. Population density is transmitted to predators. If predators respond by changing their efficiency, then predation is density-dependent. The model suggests redundancy, inasmuch as food resources and predators are different at each life-history stage. Note that in the multiple-population context predation and food signals are identical (Rothschild, 1986) . most of the mortality occurred during the first six months of life and that this rate of mortality appeared to be such that 10 4 eggs were reduced to one so that the probability of survival is roughly P=10 4 , viz.
P=e
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( 1) where Z is the daily instantaneous rate of death. The fascinating property of Equation (1) 
where r is the ''ratio of the highest to lowest mean daily instantaneous mortality rate''. Jones calculation is reproduced in Table 1 . Varying the mortality rate by a factor of only 1.4 results in recruitment varying by a factor of 23. In more recent work on the subject, Beyer made similar calculations, writing,
where M is the instantaneous rate of natural mortality, S is the survival rate, a is the percent increase or decrease in mortality rate. This implies for any percent increase or decrease in mortality a, the range of recruitment can be written:
The normal magnitude of S is implied by the average fecundity. For example, if fecundity is 10 6 , then for the population to be stable, S must be of the order of 10 6 . The calculations show that a 10% change in mortality is required to exceed the normal average bounds of recruitment variability (Fig. 5) . This means that reported changes of greater than plus or minus 10% in early life-history mortality must generally be buffered by compensatory processes. Furthermore, these calculations place emphasis on the statistical problem of detecting very small changes in early life-history mortality.
To compare the effects of changing fecundity versus changing early life-history mortality on survival, we can apply a reasonable survival function (following Beyer's line of thinking) that represents the dramatic decline in mortality (or increase in survival) during the early life history, while taking into account the important issue of larval growth. The idea is to reduce a fecundity of say 10 6 eggs to the population equilibrium of only two fish at spawning time (which is, of course, an approximation for interoparous fish). (5) where c is the specific growth rate at age zero and b is the mortality rate at age zero. Beyer suggested that c=9.125 year 1 and b=36.5 year 1 . With these constraints, an initial fecundity of 10 6 eggs would be reduced to two eggs in 2.8 years.
Suppose, however, fecundity is reduced by half along with the requirement that two fish need to survive to age 2.8 years. If c is held constant, then b would only need to decrease from 36.5 per year to 34.6 per year, a very small change indeed. Thus, seemingly large changes in fecundity can be compensated by almost immeasurable changes in mortality or survival rate (Fig. 6) .
This reasoning lies at the heart of the argument of why fecundity seems relatively unimportant in the regulation of fish populations. However, this conclusion leads to surprising consequences, both from a scientific and practical perspective. From a scientific point of view, if variations in fecundity are unimportant, then it would be difficult to associate fecundity and evolutionary fitness. Why wouldn't marine fish conserve energy by producing only a few eggs per female rather than millions (Svardson, 1949) ? Why would there be widespread evidence for density-dependent growth in adult fish? From a practical point of view, if fecundity is unimportant in the population regulatory process, then the danger of recruitment overfishing would be very difficult to explain.
A resolution to this paradox can be obtained by considering a conceptual model where larval mortality is dependent upon fecundity and where increased fecundity serves to increase survival rate rather than decrease survival rate. The basis of the model is that in the context of life-history evolution, the seemingly superabundance of eggs increases the chances that first feeding larvae will encounter relatively rare spatio-temporal patches of adequate food. In other words, the process of spawning can be thought of as a ''search process'' where eggs ''search'' for a salubrious environment. The basic idea is that the probability of encountering patches of food increases with the density of eggs. A convenient setting for beginning to assess the probability of encountering patches of food as a function of egg density involves the nearest neighbour distribution. The mean of this distribution can be written (Rothschild, 1992) ,
where (numbers m 3 ) is egg density. If egg density is assumed proportional to population fecundity, then we can see what effect doubling or halving the egg production might have (Fig. 7) . At very low densities, the nearest neighbour distance changes much more rapidly than at relatively higher densities. Again, given the sparse distribution of the plankton, it is conceivable that the density of eggs plays an important role in how the environment is sampled. Put another way, the inter-egg distance in space or time is a measure of the survivability of newly-hatched larvae. For example, a small mean inter-egg distance implies that more patches of food may be encountered with less variance. Thus, the production of an increased number of eggs may serve to enhance survival.
While the mechanism is plausible, it is essentially different from standard recruitment-stock theories based upon differential equations, such as the Beverton-Holt equation:
where a and b are mortality constants and N is population size, or the Ricker equation,
where M is a mortality constant, k is an ''initial predation'' constant and N o is the initial number of eggs spawned.
In the context of the conceptual model, neither Equation 7 nor Equation 8 is satisfactory because there is a ''proportional'' penalty on the number of eggs Figure 5. Expected range in recruitment variability as a function of (plus/minus) change in mortality rate and survival rate. A 10% change in mortality rate generally produces the maximum average variability in recruitment. Figure 6 . Number of fish resulting from 10 6 and 0.5 10 6 eggs after 2.5 to 3 years at varying instantaneous rates of mortality. Changes in mortality rate are much more important than changes in fecundity.
produced. Therefore, there is no particular benefit to producing more eggs. Furthermore, Equation 8 is difficult to interpret as a mathematical entity because it mixes an initial condition, N o , with the differential equation.
One resolution of the problem is to assume that the positive effect of fecundity on subsequent densitydependent processes occurs in a relatively short interval, such that it is essentially an initial condition. To implement this assumption, solve Equation 7 , for example, with initial condition,
where V is the population fecundity and k is a constant reflecting the efficiency of eggs and hence first-hatched larvae encountering food particles. In other words, in a short interval of time, N(0) is taken as the survivors resulting from the food-encounter process. The survival rate is of course exp( kV 1/3
). As V increases, the exponent declines as the cube root of fecundity, achieving our aim.
Upon integration of Equation (7) with initial condition of Equation (9) we have:
The function (example in Fig. 8 ) is characterized by a depensatory plateau that increases with k and is reminiscent of the ''Allee effect'' (cf. Rothschild and Fogarty, 1998: 306) . An important feature of the function is that it (1) particularly penalizes a reduction in stock size, and (2) demonstrates the advantage of producing a sufficiently large number of eggs. In these respects, the function is biologically sensible, may be coupled with physical forcing (such as the influence of turbulent flow on encounter rates), and seems to correspond with real data when stocks are in a collapse mode.
Discussion
In retrospect, the 1970 symposium brought together an impressive collection of ideas and observations on recruitment. The basic aim in any recruitment study is to explain the observed variability, which is large from the perspective of fishery management, but quite small from the perspective of potential variability (Beyer, 1989) . Observations based on greatly enhanced data sets relative to those of the 1970s continue to reveal annual variability in recruitment and redirect attention to the decadal and multi-decadal variability in fish stock abundances resulting from recruitment variability on similar time scales, which are in turn evidently related to changes in productivity or productivity pathways.
These observations also indicate that fish stocks can vary quite independently from fishing mortality levels. The shifts in productivity and/or pathways obviously result in a non-linear dynamical system, such that correlations among time series of individual-species stock abundance can range from negative through zero to positive. This has important practical implications, particularly with respect to fishery management and specifically with issues that relate to ''rebuilding'' stocks. . The function assumes that the eggs are randomly distributed, but be more general if applied to patch density as opposed to overall density.
The main points are that fishing mortality may have relatively little effect on stocks when productivity is increasing and a substantial effect on stocks when productivity is decreasing. Furthermore, rebuilding strategies cannot be efficient if productivity does not increase. Rather, it might be best to fish stocks at a level commensurate with their reduced size.
This brings us back to the problem of separating the effects of fishing and the effects of the ''environment''. The 1970 symposium contributed in an important way to the study of this problem. A major contribution relates to the idea that gaining an understanding of the role of the environment requires a more or less ''correct'' population dynamics model that takes into account the entire life history of the fish, not just one life-history stage. This is not to say that the larval stage is unimportant; rather it is to say that the variability in the larval stage needs to be considered in the context of the entire life history.
The symposium contributed another important idea, which is that the magnitude of recruitment is very sensitive to early life-history mortality. This simple idea must impact all studies of early life-history dynamics. For example, if 20% of larvae are lost because of drifting from productive to presumably non-productive areas, then the variability in recruitment would be greater than that which is normally observed. A corollary issue is that the average variability in recruitment must be produced by relatively small changes in mortality rates. This raises the question of how well small changes in mortality can be resolved with existing sampling techniques. These statements simply reflect again the need to view recruitment as an outcome of one aspect of the non-linear, self-stabilizing population regulation process, a conclusion that could be drawn from the symposium.
Following this line of reasoning, it is too simplistic to think of larval mortality as the single controlling factor. Carrying the reasoning one step further leads us to perhaps a new approach in thinking about recruitment and stock (which continues to be the ultimate problem) in sorting out the influences of the environment and fishing. This approach relates survival to the inverse cube root of fecundity. The resulting equation is interesting but still probably too simple. For example, it would be logical to extend the equation to take into account the effects of both the increased efficiency in finding food and the possibility that an increased density of eggs might produce increased predation (similar to the Ricker model). However, the equation does serve the purpose of linking fishing and recruitment in a more realistic way. More importantly, it sets the stage for linking the stock-recruitment concept directly with the biological-physical setting, because fecundity, as viewed in the context of nearest-neighbour distance, is directly translatable into measurement scales that have physical and biological meaning. 
